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Introduction
Plant cell walls vary substantially in their
biodegradation. In forages, cell types within plants
varied in digestibility from 100% (e.g .. mesophyll) to
virtually 0% (e.g., xylem) lAkin, 19891. Bulk analysis
of samples does not discriminate between the highly
digestible and non-digested cell types. A recent workshop emphasized the need to obtain quantitative
chemica l information on specific cell types in order to
advance knowledge on the factors influencing digestibility of plants (Akin et a!., 1990b).
Techniques using microscopy can provide
definitive information on structural barriers to tissue
digestibility but often do not provide information on
the chemical components. Recent advances in quantitative microscopy have provided techniques to study
the biological and chemical structure of plant cells and
to bridge these two areas of study . Although a variety
of factors have been proposed as limitations to cell
wall degradation, including cellulose crystallinity,
branching of hemicellulose, and acetyl content, the
factor most consistently reported to limit cell wall
degradation is the presence of phenolic compounds
(Brice and Morrison, 1982; Chesson, 1981 ; Kerley et
al., 1988; Morris and Bacon, 1977; VanSoest, 1973;
and Waldo et al., 1972). Ultraviolet (UV) absorption
microspectrophotometry has been used recently to
analyze the phenolic components in grasses and in
some cases to relate information to digestibility {Akin
eta!., 1990a; Hartley et al., 1990; He and Terashima,
1990, 1991 J. Since only a few monocotyledons
(e.g ., bermudagrass, sugarcane, and rice) have been
analyzed by this method , research is needed to assess
the differences between tissues in warm-season and
cool -season grasses and between grasses and
legumes (Akin, 1989).
The objective of the present work was to
extensively digest in vitro leaves of representative
warm-season grasses, cool-season grasses, and
legumes to determine the most resistant structures .
Further, cell types of various digestibilities within
representative plants of these groups were analyzed
using UV absorption microspectrophotometry.

Phenolic components within cell walls are the
greatest limitation to biodegradation of plants, but the
location and types of compounds within specific walls
are poorly understood . Leaf blades of warm-season
(Coastal and Coastcross- 1 bermuda grasses and sudan grass) and cool -season grasses (orchardgrass and tall
fescue) and leaflets of legumes (alfalfa and lespedeza)
were evaluated before and after incubation with
rumen microorganisms for 7 days to determine cell
types and wall structures most resistant to biodegra dation. UV absorption microspectrophotometry was
used to characterize aromatics within selected undegraded cell types, which had been shown in digestion
studies to vary in biodegradability, from representative
plants of each of the three groups (Coastal bermuda grass, orchardgrass , tall fescue, and alfalfa). The
most recalcitrant tissues {mestome sheath in grasses
and xylem in legumes) had the greatest absorption,
but spectra varied for the different plants. Spectra for
the grasses, but not alfalfa, suggested a strong contribution from phenolic esters . Spectra of sclerenchyma
were similar for the grasses and suggested a strong
ester component . For partially digested tissues such
as epidermis and parenchyma bundle sheath, UV absorption maxima and shoulders occurred in tissues
that were partially or non-degraded; in contrast,
absorption did not occur or was considerably less in
tissues showing complete degradation. UV absorption
microspectrophotometry is useful for characterization
of phenolic compounds within cell types that differ in
digestibility.
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Materials and Methods

followed by Os0 4 , dehydrated , and critical-point-dried
as described (Akin et al. , 1987) .
.!J.Y Absorption Microspectrophotometry
Leaf blades and leaflets that represented
different plant types and that had tissues of various
digestibilities were chosen for evaluation by microspectrophotometry; these plants were Coastal bermudagrass, orchardgrass, Kentucky-31 tall fescue, and
alfalfa. Three -mm sections were embedded in JB-4
Plus med ium for sectioning as follows : 1) fixed in 4%
glutaraldehyde in 0.1 M cacodylate buffer !pH 7 .4) at
8°C for 20 hr, 2) dehydrated in 50% , 70% , 90%, and
100% 13X) ethanol for 10 min each, 3) infiltrated in
50% and then 70% JB-4 Plus solution A in 100% ethanol for 1.5 hr at 8°C and then overnight in 100%
JB-4 Plus Solution A , embedded in flat molds with
freshly prepared JB-4 Plus solution A and solution B.
Sections were cured in an atmosphere of nitrogen at
for 24 hr. Embedded sections were stored in a
25
desiccator at room temperature. Sections 4 pm thick
were cut using an ultramicrotome and dry glass knife
to include a midvein or a large first order vein of
leaves. Sections were mounted in glycerin on a
quartz slide with a quartz coverslip.
A computer-c ontrolled Zeiss UMSP-80 microspectrophotometry system was used in the ultraviolet
iUV) absorption mode, and spectra of UV absorption
were collected, evaluated, and displayed with Zeiss
Lambda Scan software (Akin and Hartley, 1992).
Transmitted illumination was provided by a high pressure xenon lamp (XBO 75 W) with a connecting grating monochromator and bandwidth of 5 nm. A 32-X
quartz lens with a final aperture diame ter of 1.56 pm,
which was delimited within about 1/3 of the area of
a field -limiting diaphragm to redu ce stray light , was
positioned over walls of selected cell types of undegraded leaf sections of the four plants . Absorbance of
transmitted UV illumination, scanning a range from
230 to 350 nm at 2 nm increments, was measured.
The system was standardized at 350 nm off the sections and plastic. Thi s was necessary for some
sections where loose and plastic was not present.
Sites from three leaf blades of Coa stal, five blades of
orchardgrass and tall fescue, and four leaflets of
alfalfa were averaged, and spectra from this average
are shown in Figures 8 to 11 .

Plant Samples
Leaf blades and leaflets were collected from
plants grown in various locations in well managed
plots and harvested at various ages . Th e warm -season
grasses, Coastal and Coastcross-1 bermudagrasses
(Cynodon dactylon L. Pers.) and Georgia 337 sudangrass (Sorghum bico/or L. Moench). were grown at
the Coastal Plain Experiment Station in Tifton,
Georgia. The bermudagrasses were from 6-week old
regrowths harvested 17 August, 1988, and sudan
plants were harvested 14 September, 1988, after ca
12 weeks growth . The cool-season grass, Orion
orchardgrass (Oactylis glomerata l.) , was regrowth of
ca 4 weeks grown near the University of Minnesota ,
while the other cool-season species, Kentucky-31 tall
fescue (Festuca arundinacea Schreb .), was from plots
established in Eatonton, Georgia, in September and
harvested 13 December, 1987. The legumes selected
represented cool-season ' 120' alfalfa (Medicago sativa
L.), which was grown in Minnesota as that of orchard grass, and warm -season Lotan sericea lespedeza
(Lespedeza cuneata Dum-Cours G. Don) grown near
Eatonton. Plants were frozen using dry ice in the field
after harvest and maintained at -1 0°C until evaluated.
Randomly chosen leaf blades from the grasses
and leaflets from the legumes were selected for evalu ation of digestibility by rumen microorganisms . For
bermuda grasses, orchardgrass, and tall fescue , which
had relatively narrow leaves, 3 -mm long sections were
cut from 10 leaf blades. For the wider leaf blades of
sudan , ca 3· mm sections were excised midway of the
blade and to the side of the prominent midrib . For the
legumes, 3-mm sections were excised across the
entire width of 20 leaflets. Twenty sections were
placed into each Hungate lAkin et al. , 1990a) digestion tube , and triplicate tubes were prepared for
evaluation of each plant. Similarly prepared sections
were placed into Hungate tubes for scanning electron
microscopy, except that two tubes were prepared
with fifteen 3-mm sections each for each plant.

oc

!nYillll~

Plant sections were freeze-dried overnight and
weighed. Hungate tubes with plant sec tions were
prepared as described (Akin et al., 1990a) such that
sections were not autoclaved. Strained (through
cheesecloth) rumen fluid from a steer housed at the
University of Georg ia Dairy Cattle Center and fed
alfalfa hay plus supplement was inoculated (0.4 ml
per tube) into digestion tubes by syringe . Tubes were
incubated for 7 days at 39°C, and the residues were
collected, washed three times with distilled water,
freeze-dried , and weighed . Dry weight loss was cal culated as original weight minus residue weight
divided by original weight X 100.
For scanning electron microscopy, sections
digested for 7 days with rumen microorganisms and
sections left uninoculated were fixed in glutaraldehyde

Dry weight losses and tissue designations for
grasses and legumes (Table 1) are those after extended degradation in vitro by mixed microorganisms in
the rumen system and represent the extent of digestion. Differences in digestibility were noted among
and within groups of plants . Sudangrass was more
digestible than either bermudilgrass cultivar, with
Coastcross - 1 more digestible than Coastal. Scanning
electron microscopy showed variations in the digestion of similar tissues within these grasses (Figs. 1·3)
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Table 1. In vitro digestion and designation of tissues of leaf blades of grasses and legumes incubated
7 days with rumen microorganisms.

Plant

Dry weight loss
1%1

Tissue characterization by scanning electron microscopy
Degraded

Partially degraded

Not degraded

Warm-season grasses
Coastal bermuda

58.1 ± 1.9

M, Ph

E', P, S'

X, Ms, C

Coastcross -1 bermuda

76.9± 3.0

M, Ph

E', P', S'

X, Ms, C

Ga 337 sudan

86.6± 0.7

M, Ph, E

p

X, Ms, C

Cool-season grasses
Orion orchard

85.3± 2.4

M , Ph , E, P

X, C

Kentucky 31 tall fescue

93.7± 0.6

M, Ph, P

X, C

120 alfalfa

93 .8± 0.6

M', E

Lotan lespedeza

53.2 ± 2.8

~

X, C

E

M', X, C

Ti ssue identification : M
mesophyll, Ph = phloem, P = parenchyma bundle sheath, E = epidermis, S
= sclerenchyma, M s = mestome sheath, X = xylem cells, C = cuticle.
• Thicker part just und er cuticle remained, inner wall degraded .
b Secondary walls often degraded, leaving mostly middle lamella regions.
" E, P more extensively degraded in 'Coastcross' vs. 'Coastal'.
d Cells surrounding phloem frequently degraded, while other cells of the sheath intact .
• Incl udes spongy and palisade cells.

and further supported gravimetric results (Table 1)
that tissues in sudangrass (Fig. 3) were more digestible than those in either bermudagrass (Figs. 1, 2).
Structurally, sudangrass has smaller second -order
vascular bundles, which are not attached to the epidermis by sclerenchyma cells, and smaller less
prominent parenchyma bundle sheaths (Fig. 3a) . The
mesophyll appeared to be more digestible, while
obvious differences appeared in digestion of epidermis
(Figs. 3b,c) compared to bermuda grasses (Figs. 1 b,
2b) . High magnification of Coastal sclerenchyma
(Figs. 1 c,d) showed that in some cells all layers
resis ted digestion while secondary layers were
degraded in other cells .
The two cool-season grasses evaluated in th is
study (Figs. 4-51 were more digestible than bermuda grasses, but differed between each other (Table 11 .
In orchard grass, all tissues were completely digested,
except for middle lamella regions of sclerenchyma
(Figs. 4c,d) and parts of the xylem along with the
cuticle (Fig. 4f). In tall fescue, these same tissues
(Figs . 5c,d,e) plus parts of the epidermis and attached
cuticle (Fig. 51) remained in the residue.
Legume leaflets differed substantially in digestibility (Table 1; Figs. 6-7). Alfalfa had one of the

highest digestibilities, and only vascular bundles and
cuticle made up the residue . Results suggested that
chemica l components in lespedeza tissues dramatically
reduced leaflet digestibility. Indeed , t issues normally
considered to be easily digested (e .g ., mesophyll)
were prevalent in the lespedeza resi due (Fig. 6) .
UV absorption microspectrophotometry was
carried out on cell walls of various tissues of repre sentative plants in order to assess a variety of cell
types with a range in digestibilities.
Absorption
maxima or shoulders occurred at ca 240, 280, and
320 nm for most of the tissues (Table 21 . Variations
occurred among tissues within a plant and among
similar tissues among plants.
Spectra of recalcitrant tissues (i.e., mestome
sheaths for Coastal bermuda grass, orchard grass, and
tall fescue and xylem for alfalfa) (Fig. 8) showed the
most absorption for cell walls of bermudagrass.
Shoulders or maxima at 320 nm occurred for the three
grasses but were absent in alfalfa. The A_ at 281
nm for bermudagrass and alfalfa differed from the
value of 287 nm for the cool season grasses. Further,
the ratio of the absorption at 280 to that at 320 nm
was higher for bermudagrass than for the cool-season
grasses .
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climates lAkin and Ches son, 1989) . Leaf blades can
show great variation in digestibility even within a
group. The dense vascularization of leaf blades of
warm-season grasses often is considered a limitation
to digestibility (Akin, 1989) . In the present study,
however, the structure of sudangrass, with small vas cular bundles unattached to the epidermis, appears to
provide an advantage over bermudagrass in digestion
of leaf blades and may partially explain the higher
digestibility. Chemical factors within cell walls of
similar tissues have a substantial impact on digestibility and can override anatomical influences (Akin et al.,
1990a). Of the chemical components, phenolic compounds are the factors most often associated with
limiting the potential digestion of cell wall carbohydrates lAkin and Chesson, 1989; Hartley and Ford,
1989) . A variety of types and linkages exists for
these cell wall -bound phenolic compounds.
Legume leaflets have few structural barriers to
digestion, with small amounts of vascular bundles and
the cuticle comprising the residue (Akin and Robinson,
1982; Mannetje , 1984). In the present study, alfalfa
represented this high digestibility expected for
legumes w ith the non-lignified tissues showing complete degradation . However, the greatest difference
in digestion within a forage group (i.e., 40 percentage
units) occurred within the legumes. This difference
resulted from resistance to degradation of normally
digestible cell types, such as mesophyll, in lespedeza.
The high level of tannin, which is known to limit forage quality in this plant (Terrill et al., 1989) , was the
most probable cause of such low digestion in
lespedeza.

Spectra of sclerenchyma cell walls were similar
for the grasses (Fig. 9), with maxima slightly greater
for bermuda grass walls. Sclerenchyma of alfalfa was
not available for evaluation. With some cell walls, the
aper ture could be positioned over the secondary wall
or over the primary wall/middle lamella. Spectra were
similar for these two sites, even though the middle
lamella regions were more resistant to degradation.
Spectra of epidermis (Fig. 101 varied among the
plants. For bermudagrass, an absorbance maximum
occurred at 276 nm, which Is a lower A.,.... than in
other tissues . Additionally, a shoulder occurred at 315
nm in bermuda grass and a maximum occurred at 319
nm in tall fescue . No absorbance maxima occurred for
epidermal walls of orchard grass or alfalfa.
The parenchyma bundle sheath, which is a
prominent structure in bermudagrass, is a more fragile
structure in cool-season grasses and, as a result, was
not available in many of the sections. The UV absorption was highest in bermuda grass, which had a maximum at 318 nm and a shoulder at 291 nm (Fig. 11).
The spectra from walls of tall fescue represent that
from only 4 sites, since other parenchyma bundle
sheath walls were not intact for analysis. More sites
were available in orchard grass {n = 7), and UV absorbance was low . These sheaths are not present in
alfalfa.

Warm-season grasses are generally less digestible than cool -seas on species (Minson and Mcleod,
1970; Moore and Mott , 1973.) Morphological, anatomical, and chemical factors all potentially contribute
to limiting digestibility of plants grown in warm

Fig. 1:

Fig. 2:

Fig. 3:

Scanning electron micrographs of Coastal bermudagrass leaf blades. a. Undegraded (control) showing
epidermis /EJ covered by cuticle (arrow), mesophy/1 (M), parenchyma bundle sheath (P), sclerenchyma
($},phloem (Ph), and mestome sheath (Ms) . Bar = 100 Jim. b . Incubated with rumen microorganisms
for 7 days showing relative digestibilities of tissues. Bar = 100 Jim. c. Enlargement of undegraded
abaxial sclerenchyma showing secondary cell wall layers (double arrows) and middle lamella region
(arrow). Bar = 10 Jim. d. Enlargement of abaxial sclerenchyma sho wing loss of secondary walls in some
cells leaving primary wall plus middle lamella (arrow) and disrupted secondary wall (double arrows)
remaining in other cells. Bar = 10 Jim.
ScanningelectronmicrographsofCoastcross- 1 bermudagrassleafblades. Bar= 100JJm. a. Undegraded
(control) showing epidermis (E) covered by cuticle (arrow), mesophy/1 (M), parenchyma bundle sheath /PJ,
sclerenchyma (S), phloem /Ph), and mestome sheath (Ms). b. Incubated with rumen microorganisms for
7 days showing loss of tissues as in Coastal bermudagrass (Figure 1b), except greater degradation of
parenchyma bundle sheath and epidermis (arrow) .
Scanning electron micrographs of GA 337 sudangrass leaf blades. Bar = 100 vm. a. Undegraded
/control) showing epidermis IE) covered by cuticle, mesophy/1 /M), a large vascular bundle (VJ with small
secondary bundles (arrows) . The secondary vascular bundles are smaller than those in bermudagrass and
are not attached to the epidermis by sclerenchyma; parenchyma bundle sheaths are not as prominent.
b. In cubated with rumen microorganisms for 7 days showing loss of mesophy/1, phloem, and epidermis;
partial degradation of parenchyma bundle sheaths around xylem (arrows) of small vascular bundles; and
lack of degradation of xylem /X) and sclerenchyma /SJ of large bundles. c. Incubated with rumen microorganisms for 7 days with abaxial cuticle stripped away showing arrangement of xylem elements and loss
of mesophy/1 and epidermis.
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Fig. 4:

Scanning electron micrographs of orchardgrass leaf blades. a. Undegraded (control) showing rigid vascular bundles (V) and sclerenchyma (S) and fragile mesophyll (M), epidermis (E) covered by cuticle, and
parenchyma bundle sheaths (arrows) . Bar = 100 pm. b. Incubated with rumen microorganisms for 7
days showing residue of vascular bundles and sclerenchyma. Epidermis has been completely degraded
leaving thin sheets of cuticle. Bar = 100pm. c. Enlargement of undegraded (control) of sclerenchyma
showing secondary wall (double arrows) and middle lamella region (arrow).
Bar = 10 pm.
d. Enlargement of sclerenchyma incubated with rumen microorganisms for 7 days showing loss of all cell
walls except mostly middle lamella regions. Bar ~ 10 pm. e. Enlargement of an undegraded large bundle
showing mestome sheath/parenchyma bundle sheath region and the rigid nature of the former and fragile
nature of the latter. Bar = 10 pm. f. Enlargement of degraded vascular bundle showing loss of mestome
sheath (arrow) surrounding phloem region and residue of xylem (XJ and metaxylem (MxJ vessels. Bar =
10pm.
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Fig. 5:

Scanning electron micrographs of Ky-31 tall fescue leaf blades. a. Undegraded (control) showing rigid
vascular bundles (VJ and sclerenchyma (S}, distinct abaxial epidermis (E), and fragile mesophy/1 (M} and
parenchyma bundle sheaths (arrows}. Bar = 100 Jim. b. Incubated with rumen microorganisms for 7
days showing residue of vascular bundles and sclerenchyma and cuticle with attached portions of the
epidermal cell wall (arrow}. Mesophy/1, phloem, and the interior walls of epidermal cells are totally
degraded resulting in a loss of leaf integrity. Bar = 100 Jim. c. Enlargement of undegraded (control) of
sclerenchyma showing secondary wall (double arrows) and middle lamella region (arrow). Bar = 10 Jim.
d. Enlargement of degraded sclerenchyma showing Joss of secondary cell walls and residue of mostly
middle lamella regions. Bar = 10 JJm. e. Enlargement of degraded large bundle showing loss of mestome
sheath surrounding phloem region and residue of xylem and metaxylem vessels. Bar = 10 Jim. f.
Enlargement of degraded epidermis showing attachment of upper, thicker walls to cuticle. Bar = 10 Jim.

successive periods with rumen microorganisms,
showed plant structures in residues identical to those
in the present study. Therefore, plant parts remaining
after seven days of incubation with rumen microorganisms are those containing the most resistant

The purpose of the 7-day incubation time was
to degrade all digestible cell types, thereby identifying
the highly lignified, non-degradable tissues. Prelimin ary studies with samples of orchardgrass leaf blades
and alfalfa leaflets, which were incubated for three
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types of lignification. These refractory cell types and
other tissues within the various plants provide a range
of samples for analysis.
The recent application of UV absorption micro ~
spectrophotometry to grasses, although investigations
have included only a few species to date, has nonetheless shown the value of this technology in exploring phenolics and digestibility (Akin et al., 1990a;
Hartley et al., 1990; He and Terashima, 1990, 1991).
For example, studies (Akin et al., 1990a) have indicated a lower concentration of phenolics in walls of
parenchyma bundle sheath of Coastcross- 1 bermudagrass compared with those of Coastal; Coastcross- 1
walls were more digestible despite a similar anatomy
and structure to those in Coastal (Akin and Burdick,
1975; Hanna et al. , 1973). UV maxima or shoulders
at ca 280 nm or 320 nm occur due to the presence of
aromatic compounds within the cell wall (Hartley et
al. , 1990; He and Terashima, 19901. Absorption at
ca 280 nm is indicative of condensed , lignin-like
compounds. Absorption at ca 320 nm occurs due to
extended conjugation. Compounds such as ferulic
and p -coumaric acids have UV absorption above
300 nm (Hartley et al., 1990).
Feruloyl and p coumaroyl-arabinoxylan esters also have a strong UV
absorption ca 320 nm, but with a shoulder ca 290 nm
as shown by UV spectroscopy and microspectrophotometry (Hartley and Akin, unpublished). Ferulic and
p ~ coumaric acids are by far the predominant phenolic
acids in grass cell walls, and these acids are esterified
to arabinoxylans within the walls (Hartley and Ford,
1989) . Saponification of grass walls with NaOH
result ed in release of ferulic and p -coumaric acids
(H artley and Morrison , 1991). with a resultant
decrease in absorption ca 320 nm and an increase in
the ratio for absorption ca 280/ 320 nm (Akin and
Hartley, 1992) . Therefore, the strong absorption ca
320 nm , with a shoulder ca 290 nm, is strongly suggestive of phenolic esters within the grass cell walls.

Fig. 6:

Fig. 7:

Scanning electron micrographs of alfalfa
leaflets. Bar = 100 pm. a. Undegraded
(control) showing rigid vascular bundles lVI
and fragile palisade !PI and spongy lSI
mesophyll and epidermis (arrow). b. Incubated with rumen microorganisms for 7 days
showing residue of vascular bundles (arrow)
and sheets of cuticle {CJ without epidermis.
Scanning electron micrographs of lespedeza
leaflets. Bar = 100 pm. a. Undegraded
(con troll showing rigid vascular bundles !VI,
spongy lSI and palisade !PI mesophyll, and
epidermis (arrow). b. Incubated with rumen
microorganisms for 7 days showing residue
of most all tissues, but with epidermis
partially degraded and pulled away from the
mesophyll.

266

Microspectrophotometry of Plant Cell Walls

9

-' __ --------- ' ',
........

....... /

'

230.0

230.0

278,0

nm

!02.0

328.0

11

10

----- '

~ 0.96

;

-------

........

~
O,Ci'l

'"

........

' '\ '\
\

0.32

---"""'. . . . . ---~=
230.0

~.111.0

278.0

nm

302.0

326.0

2!5.111,0

278.0

nm

302.0

32ti,O

Fig. 8:

UV absorption spectra of mestome sheath of Coastal bermudagrass ( - - ) , orchardgrass (.. · '}, Ky-31
tall fescue 1- - - - ), and alfalfa 1- - · - -).
Fig. 9: UV absorption spectra of abaxial sclerenchyma of Coastal bermudagrass (- -), orchardgrass (- .. -)and
Ky-31 tall fescue 1- - - - ).
Fig. 10: UV absorption spectra of epidermis of Coastal bermudagrass ( - - ) , orchardgrass (- · · · ), Ky-31 tall
fescue 1 - - - - ), and alfalfa ( - - · - - ) .
Fig. II : UV absorption spectra of parenchyma bundle sheath of Coastal bermudagrass ( - - ) , orchardgrass
I" .. ! and Ky-31 tall fescue 1- - - -).

phenolics, but only condensed, polymeric lignin; such
a nature is confirmed by chemical analyses showing
low amounts of alkali-labile phenolic acids f rom
legumes compared with grasses (Buxton and Russell,
1988; Cherney et al., 1989; Hartley , 1983).
In digestion studies of grasses, secondary
layers of lignified sclerenchyma cells were frequently
degraded, leaving a residue of middle lamella and parts
of the primary layer (Wilson et al., 1991). In the
present study, secondary layers were degraded completely in both cool-season grasses, but these layers
remained for some cells in bermudagrass. Spectra of
sclerenchyma walls were similar for different cell wall

For the various cell types covering the range of
digestibilities, UV absorption spectra generally related
to wall digestibility in the present study. Absorption
was greatest in mestome sheath of grasses and xylem
of alfalfa, which are the least digestible cell types. In
bermudagrass, spectra of mestome sheath suggested
a predominance of condensed phenolics, while those
for both cool -season grasses suggested a greater
prevalence of esterified phenolics . Results offer the
possibility that the less condensed nature of lignin
contributes to the partial degradation of mestome
sheaths of orchardgrass and tall fescue leaf blades.
Spectra of alfalfa xylem indicated no esterified
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Table 2. UV absorption microspectrophotometry of leaf blade tissues with different digestibilities in grasses and a legume .
ca 240 nm
Plant

ca 280 nm (a)

ca 320 nm (b)

Am••

A

Am,.

A

Am••

A

Coastal bermuda

241 ±2

2.45 ± 0 . 19

281 ± 2

2.30 ± 0.41

324 ± 4151

1.82 ± 0 .37

1.27 ± 0.04

Orchardgrass

243 ± 7

1.34 ± 0 .34

286 ± 2

1.34 ± 0.16

324 ± 3

1.38 ± 0. 21

0 .98 ± 0 .07

Ky-31 tall fescue

238 ± 5

, .42 ± 0.46

287 ±2

1. 17 ± 0.60

319 ±4

1. 20 ± 0 .64

0 .98 ± 0.06

Alfalfa

238 ± 5

1.41 ± 0.34

281 ± 3

1.55 :1. 0.60

Ratio (a /b)

Mestome sheath

---- NA ----- -

-- NA --

Sclerench~ma

Coastal bermuda

239 ± 6

1.35±0.41

286 ± 3

1.40 ± 0 .44

320 ± 4

1 .42 ± 0.45

Orchardgrass

239 ± 3

1.95 ± 0.38

283 ±3

1.38 ±0.29

323 ± 4

1.35 ± 0.30

1.03 ± 0.09

Ky-31 tall fescue

241 ±6

1.44 ± 0.53

285 ± 4

1.21 ± 0 .53

321 ±3

1.23 ±0.51

0 .97 ± 0 .06

------------ -- ---- - - -----

Alfalfa

NA ------

1.00 ± 0 .09

------- - ----- ----------

Epidermis
Coastal bermuda

240±3

Orchardgrass

1 .90 ± 0 .29
-- NA ---- - -

276 ± 1

1.55 ± 0.47

315±2151 1.10 ± 0 .39

286 ± 3

0 .10 ± 0 .09

327 ± 2

0 .10 ± 0 .09

319 ± 3

1.15 ± 0 .42

Ky-31 tall fescue

238 ± 3

1.49 ± 0.54

280 ±4

1. 14±0.49

Alfalfa

244± 17131 0 .30 ± 0 .06

276 ± 3

0 . 13 ± 0.07

Parench~ma

ND
0 .98 ± 0.09
-- NA- -

bundle shealh

Coastal bermuda
Orchardgrass
Ky-31 tall fescue
Alfalfa

- - -- - NA -

1.44 ± 0 .18

236 ± 3

1.23 ± 0.27

------ NA- ---- -

236 ± 4131

0.97 ± 0.40

291 ± 1(5)

1.05 ± 0 .39

318 ± 4

1.18 ± 0.45

0.89 ± 0 .05

283 ± 4

0 .30 ± 0.14

321 ± 3

0.31 ± 0 .17

0.96 ± 0 .13

319 ± 4

0 .84 ± 0.23

0 .90 ± 0.04

290±015 1141 0 .76±0.24141

--------- - -----

- ------- NA ----

----------

(5) indicates shoulder
Number in parenthesis after ..tm.. designates number of sites and differs from that reported in Material s and Method s.
NA - not available
NO - not determined

layers within a grass and similar among the three
grasses, suggesting a prevalence of esterified aro matic compounds.
Cell types like epidermis and parenchyma
bundle sheath, which are not considered to be lignified
tissues primarily providing support to grasses
(Metcalfe, 19601. varied substantially in digestibility
and in UV absorption among plants. Absorption maxima were lacking in undegraded walls of epidermis in
orchard grass and altalta ; these walls were completely
degradable as shown in digestion studies. In contrast,
epidermal walls of bermudagrass and tall fescue,
which were present in the residue after digestion, had
maxima or shoulders at ca 276 to 280 nm and ca 320
nm. The absorption maxima at 276 nm for bermudagrass, which is a Am..., lower than that for lignin (He
and Terashima, 1991). may indicate another compound or type of linkage for phenolics in this plant.
UV absorption spectroscopy of purified compounds
has shown a maximum at 276 nm for acetoxyferulic
acid (R.D . Hartley, unpublished datal. but further work

is required to assign the 276 nm absorption in
bermudagrass epidermis.
The poor digestion of parenchyma bundle
sheath of bermuda grass was associated with absorp tion spectra suggestive of phenolic esters as shown
earlier by microspectrophotometry of alkali-treated
plant cell walls (Akin and Hartley, 19921. Spectra of
this nature were lacking or less prevalent in cool season grasses and were consistent with the greater
digestion of this cell type in orchardgrass and tall
fescue. A previous study (Akin et al., 1990a) indicated that compounds within this cell type can be modified through plant breeding, with resulting increases in
degradation of walls in bermudagrass hybrids.
Results of the present study extend the relationships between digestibility and UV absorption microspectrophotometry to a larger number of plants and
cell types and for the first time provide information on
highly digestible cool-season grasses and a legume.
Analyses indicate that the differences in absorbance,
A...... , and spectral patterns are useful in characterizing
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the phenolic nature of plant cell walls that vary in
digestibility and provide some guidelines for further
research in this area.
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D. E . Akin and L. L. Rigsby
~:

Discussion with Reviewers

Some types of lignin appear more resistant than
others to biodegradation (e.g., guaiacyl vs. syringyl). We
wished to characterize this type of lignin, which would be
in the most resistant types of cell walls.

~:

What is the significance of a 6 nm difference
in the absorption maxima for bermudagrass and alfalfa
compared to cool season grasses 7
~ Cell wa ll spectra showing a strong contribution
f rom extended conjugation, i.e., UV absorption near 320
nm likely due to esterified phenolic acids, also show a
bathochromic shift from 280 nm (He and Terashima,
1991). Recently, UV work (Akin, D. E. and R. D. Hartley,
1992. J. Sci. Food Agric ., in press) showed that f eruloyl
arabinoxylan (i.e. , 'FAXX') had an absorption shoulder near
288 nm and a maximum at 324 nm .
In contrast,
synthetica ll y produced coniferyl lignin has a maximum at
280 nm and no absorption above this wavelength (Akin,
Further, we observed that
unpublished, 1992).
bermudagrass mestome sheath, when treated with alkali to
release phenolic acids, showed reduced absorption near
320 nm and a hypsochromic shift from 283 to 280 nm.
Therefore. the bathochromic shift noted in cool-season
grasses would be consistent with a greater contribution of
esterified phenolic acids in the lignified cell walls.

~:

Cell walls are known to contain protein that
will also absorb in the 260-280 nm range. Is it possible
that proteins could be making some contribution to the
absorption maxima at 280 nm?
M.S. Kerley: How did you separate UV absorption due to
phenyl propanoid compounds and the UV absorption due to
extensin present in the cell wall structure 7
~: Protein (which is known to be present in cell
walls) also absorbs strongly at 280 nm, due to the
presence of aromatic amino acids. Do you have any data
on any contribution to (or lack thereof) the absorption at
280 nm by protein?
~: USMP-80 microspectrophotometry of aromatic
amino acids {i.e., tryptophan . phenylalanine, and tyrosine)
as well as the plant enzymes horse radish peroxidase and
ribulose 1,5 diphosphate carboxylase (Akin, unpublished
1 992) showed absorption maxima usually around 276 or
278 nm; in none of the compounds did maxima or
shoulders occur above 300 nm . We have not characterized
extensin. Microspectrophotometry of protein-containing
plant structures {e.g .. chloroplasts) do not show spectra
typical of lignin. If protein is bound within lignin complexes
within plant cell walls then some contribution from protein
could occur.

~:

What is the significance of the maxima at ca
240 nm in severa l cell types? (Fig. 8, 9, 10. 11) Any
relation to a specific component or class of components?
~: We have not been able to assign the 240 nm
maximum.
~:

It is interesting that the spectra for secondary
walls and for primary/middle lamella regions were similar.
It is unfortunate that none of these data was presented in
the paper. It is not clear what similar means in this
comparison. For most plant tissues the middle lamella and
primary wall contain a higher concentration of lignin
although the total amount compared to the secondary wall
is always less. In view of this it would seem that the UV
spectra would be different at least in terms of absorption
intensity if not in shifts in maxima. If spectra of these
regions are the same then how does one explain the
differences in digestibility of the middle lamella /primary wall
in light of the explanations presented for the differential
digestion of different cell types based on UV spectra?
Adding this data may be useful.
~: We do not have an explanation for the similarities
in spectra for secondary and middle lamella primary wall
regions noted in sclerenchyma.
In another study of
sclerenchyma in bermudagrass internodes {Akin, D. E.. and
R. D. Hartley, 1992, J. Sci. Food Agric., in press), spectra
were different for middle lamella primary wall vs secondary
wa ll layers; spectra of middle lamella regions showed a
greater contribution from extended conjugation and were
less digestible. However, we are unable to account for
similar absorbances yet different digestibilities in
scle renchyma wall layers in the present study. While
stronger binding (possibly ether linkages) of similar
compounds might be an explanation. we obviously need to
ca rry out more research in this area.

~:

How does the spectra of mestome ce lls
indicate a less condensed nature of lignin in some cell wall
types 7
The walls of bermudagrass have a greater
absorption in the 280 nm region as compared to the 320
region indicating more lignin. Spectra of coot season
grasses indicate a greater proportion of phenolic esters
although the absorption at ca 280 and ca 320 are nearly
equal. Based on UV absorption this would indicate that
both phenolic acids and lignin are less in the cool season
grasses. It is not correct to refer to the phenolic esters as
less condensed lignin as the authors imply. That information cannot be obtained from these spectra atone as one
does not know if the phenolics are associated with
polysaccharides (ester linked to arabinoxylans and should
not be called lignin) or attached to lignin (ester or ether
linked).
~:
Mestome sheath cells of grasses give intense
reactions with acid
phloroglucinol and resist
biodegradation; these two characteristics indicate a
relatively high concentration of lignin.
Therefore,
absorption at 320 nm probably occurs from feruloyl or pcoumaroyl groups within the aromatic /carbohydrate
complex. It is our opinion that the greater contribution at
320 nm (indicative of extended conjugation) to spectra of
cool-season grasses suggests a greater proportion of esterlinkages and a less condensed aromatic structure to the cell
walls. We agree t hat the exact nature of bonding to lignin
cannot be interpreted .

~:

~:

When comparing walls of different cell types
(mestome sheaths, epidermis, etc.) does the thickness of
the wall make a difference in the UV spectrum intensity?
How does one compensate for this when making
comparisons of wall types?

What does the term 'resistant types of
lignification' mean?
Do the authors mean the most
' resist ant t ypes of cell walls' that may resu lt f rom the
degree of lignification?
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~: The thickness of the section is important in the

~:

The 1969 article supplied by this reviewer did
not reflect current information in the area of forage cell
wall digestion . In the recent International Symposium on
Forage Cell Wall Structure and Digestibility (October. 1991)
as well as the Tri -national Workshop Microbial and Plant
Opportunities to Improve lignocellulose Utilization by
Ruminants (Akin, ljungdahl. Wilson, and Harris, 1990b).
work on forage structure indicated that the middle lamella
region was highly lignified and not degraded, while secondary walls were often partia ll y and at times fully degraded.
It seems apparent to us that the secondary wall is degrad ed more readily than middle lamella /primary wall.

total absorbance of cell walls, and therefore it is important
to have sections of a precise thickness as was done in our
study. The width of the wall in the cross section could be
important if the aperture was wider than the wall. In the
walls reported in the present paper, the aperture was not
wider than mestome sheath, epidermis, or sclerenchyma;
parenchyma bundle sheath walls of bermudagrass were
wider than the aperture while those of cool-season grasses
(especially orchardgrassJ were thinner at some sites .
Digestion studies and histochemical results confirm that
parenchyma bundle sheaths of cool-season grasses have
less aromatics than those cells in bermudagrass.

M. S. Kerley: Can UV microspectrophotometry be used to
give quantitative estimates of core and non-core lignin
present in the cell watt?
D. W lrying : Were standards used for microspectrophotometry. If proper standards were used, you could give
semi-quantitative data on the amount of substance
remaining following digestion relative to that of the control
and other species.
~: Quantitative or semi-quantitative data were not
calculated on the results of this study. However, in other
work (Akin, D. E., and R. D. Hartley, 1992) the amounts of
ester- and /or ether-linked phenolic acids were estimated as
"ferulic acid equivalents" assuming Beer's Law , cell wall
density of 1 gm 1'1 , moisture content at 65%, and an
extinction coefficient of 21 000 determined for feruloyl
arabinoxylan in buffer at pH 7.0 and 25°C. With these
assumptions, ferulic acid equivalents were ca 84, 99. and
94 g kg ·1 for parenchyma bundle sheath, sclerenchyma ,
and mestome sheath.

~ : Is it possible to obtain UV spectra or partially

digested walls? This would be interesting data if it could
be obtained .
Initial attempts using plant sections treated with
microbial supernatants have not been very successful.
However, further work with refined techniques should
provide better results .

~:

~ : Can you determine how much of the residue

is middle lamella, and how much is primary cell wall?
~: With the current methods used, we could not
distinguish precisely the middle lamella from the primary
layer in undegraded sections.
After digestion, the
extremely thin layer comprising the residue of scleren·
chyma tissues, especially in cool-season grasses, appeared
to be the region just between and forming the corners of
adjacent cells.
D W Irving : This work is not a true evaluation of the
effects of digestion using the rumen system . An accurate
evaluation would include double controls, that is,
completely untreated tissues (or freeze-dried tissues), plus
those treated in exactly the same fashion as those in the
rumen , i.e., in a buffer of the same pH as that of the rumen
(without the addition of rumen fluid) and incubated for the
same period of time . There are , presumably, pre-existing
enzymes in all plant cells which cause autodegradation. It
is, however, a comparative study between the different
plant species. Authors might mention something to this
effect .
~: Many studies have been done using leaf sections
incubated in control buffer for several days. Cell walls are
not degraded in these controls.

J. W . Wilson : The equally, highly indigestible tissues of
both warm- and cool-season grasses have quite different
absorption spectra. Could their indigestibility be achieved
by different ends 7
~: Mestome sheaths of cool season grasses
were degraded at some sites after the extensive incubation
(i.e .• 7 days) employed in this study; this cell type in
bermudagrass appears to completely resist degradation .
Spectra for the different grasses and for alfalfa indicated
that cell walls w ith different aromatic structures (based on
microspectrophotometry) can be equally nondigestible ,
suggesting that nondigestibility can occur by different
means.

D W trying : It is impossible to differentiate tissue regions
without performing differential staining methodology or
some other means, such as the use of specific enzymes.
etc . Since the authors prepared sectioned material in order
to perform the microspectrophotometry, it would seem a
simple ta sk to use these sections in order to do some
differential, even crude, staining. Since histochemistry was
not done, the credibility of the SEM interpretations is questioned , especially since the description of the undigested
substances as "middle lamella" is somewhat difficult to
believe . (Please see the enclosed reference from Cutter , I
copied the section on cell walls .) The cell structure most
likely to be remaining following digestion of any sort would
be the secondary cell walls , since they can become
lignified. Middle lamella can become lignified but only in
woody tissues, i.e. , tree trunks.
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